During Cassini's close flyby of Enceladus on July 14th 2005 the High
Rate Detector of the Cosmic Dust Analyzer registered micron-sized dust particles enveloping this satellite. The dust impact rate peaked about one minute before the closest approach of the spacecraft to the moon. This asymmetric signature is consistent with a locally enhanced dust production in the south polar region of Enceladus.
Other Cassini experiments revealed evidence for geophysical activities near Enceladus' south pole: a high surface temperature and a release of water gas. Production or release of dust particles related to these processes may provide the dominant source of Saturn's E ring.
The tenuous E ring is the outermost and largest ring in the Saturnian system, consisting of particles with a peak size between 0.3 and 3 microns (1). The highest density of the E ring and its smallest vertical extent are both observed close to the orbit of Enceladus (1, 2), which favors this moon as the main source of that faint ring. In-situ dust measurements at Enceladus with the dust detector aboard the Cassini spacecraft offer the unique opportunity to learn about this satellite, dust production processes at its surface, and ultimately, to shed light on the origin of the E ring.
We report on measurements carried out with the High Rate Detector (HRD) of the Cosmic Dust Analyzer (CDA) during the flyby of Enceladus on July 14, 2005. The detector consists of two thin (28µm and 6µm) polyvenylidene fluoride sensors with cross sections of 50cm 2 and 10cm 2 (3) . In this paper we focus on the data collected by the 50cm 2 sensor, which is sensitive for particles with a radius larger than 2µm. An impacting hypervelocity grain changes the polarization in the sensor volume resulting in a short, sharp pulse enabling the detector to register up to 10 4 dust impacts per second (4) .
During the flyby a significant increase in the count rate of dust particles was recorded, about 10 minutes before to 10 minutes after closest approach of the spacecraft to the moon (Fig. 1) . The peak count rate was 4 particles per second at one minute before closest approach. Similarly, the Cassini ion and neutral mass spectrometer (5) detected water gas, also at a peak rate before closest approach, albeit with a somewhat smaller offset of 30 seconds. This gas plume was also seen by the ultraviolet imaging spectrometer (6) and indirectly, already at an earlier flyby, by the magnetometer (7) . The time difference between the rate peaks points to a decoupling of gas and dust shortly after both components are released from the satellite surface (8) . A gas and dust source near the south pole is compatible with these premature maxima of the rates since the spacecraft approached the moon from south and came closest to Enceladus at a latitude ≈ 25
• S (Figs. 1 of (5,9)). In contrast, a dust cloud generated by micrometeoroid impacts, as was observed by the Galileo mission around the Jovian moons (10), would lead to a peak rate directly at closest approach.
The observed particle count rate constrains the production rate of particles at Enceladus while the time offset of its maximum from closest approach can be used to locate those regions on the moon's surface from which the particles originate. Comparing the data to theoretical models of dust production we can estimate the relative contributions of alternative mechanisms of particle creation, yielding implications for the dominant source of the E ring particles. Besides geophysical processes (11, 12) micrometeoroid bombardment has been proposed as a particle creation process (13) . Two families of micrometeoroids are relevant at Enceladus, namely E ring particles and interplanetary dust particles. The typically large velocities of such projectiles relative to the moon, a few to tens of kilometers per second, make the impacts energetic enough to abundantly produce ejecta at the moon's surface and create a dust cloud (10, 14) . However, the detection of an anomalously high temperature (9) in the south polar region of Enceladus near elongated cracked fractures (15) (dubbed "tiger stripes") lends new support to the idea of E ring dust particles created by cryo-volcanism (ice-volcanoes).
We have modeled the distributions of dust in the vicinity of Enceladus for cases of isotropic ejection of grains from the entire surface and for a localized dust source at the south pole of the moon (Fig. 1 ). These two cases correspond to the particle production by the impactor-ejecta mechanism and by geological processes at the south pole, respectively.
Since the spacecraft's trajectory near closest approach (170 km above surface) lies well inside the Hill sphere (17) of gravitational influence of the moon (r h ≈ 948 km, compared to a radius of 252 km (5)), an analytical model for the dust cloud developed in (18), based on the two-body approximation, should give an adequate estimate (19). However, to account for the full three-body dynamics near the hill scale, we have numerically simulated the dust configuration around the satellite for both source models. In the simulations particle paths are integrated subject to Saturn's and Enceladus' gravity (19, 20). In both simulations 1,000,000 particles are launched from the satellite's surface with starting conditions that are plausible for particles created in an impactor-ejecta process (16, 21).
To simulate the impactor-ejecta source the starting positions are chosen uniformly over the entire surface of the moon. The localized source is simulated with starting positions distributed uniformly in a circular area of an angular diameter of 30 degrees centered at the south pole, which is on the order of the size of the hot region (9) . The motion of the particles governed by the gravity of the planet and the satellite does not depend on the particles' mass or radius, and thus, grains with different radii need not to be distinguished in the simulations. Therefore the size distribution in the model dust cloud near the moon derives from the particle size distribution assumed for the particle creation process.
In the simulations the impactor-ejecta process is found to generate a highly symmetric dust configuration in the vicinity of the satellite, as expected, so that the HRD on a flyby through this cloud would observe a maximal count rate directly at closest approach (Fig.   1A ). In contrast, the simulated dust ejection from the south pole source reproduces well the observed maximal count rate one minute before closest approach. Fitting combinations of both contributions with a consistent E ring particle background to the data, and requiring that no second peak develops in the rate at closest approach, we can estimate the maximal strength of the impactor-ejecta dust creation at Enceladus relative to that of the south pole source (Fig. 1B) . From this fit (HRD data for R p > 2µm) we can infer the rate of particles larger than 2 micron emitted by the south pole source and escaping the moon's gravity to amount to 5 × 10 12 particles per second, whereas the impactorejecta mechanism would produce at most 10 12 such particles per second. These numbers correspond to an escaping mass of at least 0.2 kilogram per second, assuming R p = 2µm for all grains. For an extended size distribution this rate may extend to kilograms per second. The E ring particle background, which is naturally contained in the HRD data, has been simulated, following the motion of a particles subject to gravity and perturbation forces (19, 20), until they are lost in collisions with Enceladus, other E ring moons, or the main rings. A self-consistent combination of the simulated dust populations is in reasonable agreement with the observed HRD rate (Fig. 1B) .
A differential particle size distribution inferred from the data of both HRD sensors fits to a power law n(R p ) ∝ R α p with a slope α ≈ −3 that remains approximately constant during the flyby (Fig. 1C ). This near constance of the exponent indicates that the dynamics of larger grains is dominated by gravity. Such a power law is expected for an impactor-ejecta particle formation scenario (16). On the other hand we showed that the south pole source should be the dominant source of particles. A possible explanation would be that the particles are formed in meteoroid impacts and lifted by south polar gas venting. However, an effective acceleration of grains in the gas plume seems implausible for the gas densities inferred from UVIS (6, 15).
A side view of the dust configuration from the simulation of the south pole source is shown in Fig. 2 , where the absolute numbers are fixed by HRD data at closest approach.
A similarly strong stratification of the dust density is evident in images of the dust plume (15). In the simulation the stratification results basically from the power law distribution of particle starting velocities (21).
To investigate the influence of the particle source location on the rate profile measured by HRD, we performed a series of about 2600 simulations, where the source position was systematically varied over the moon's surface. Here, we used 50,000 particles per simulation using for simplicity the initial conditions for the impactor ejecta mechanism (16). For each source we determined the time offset of the peak count rate to closest approach for this flyby. In this way we obtained a contour map of offset times over the moon's surface, which is plotted over an ISS basemap (15) of the geologically active south pole region in Fig. 2 . It is found that only a small part of the total surface of Enceladus can have sources which would match the actually observed offset of minus one minute. Interestingly, the region of the "tiger stripes" (covering latitudes > 70 • S), is indeed compatible with the data, yielding offsets from -50 to -70 seconds.
Based on simulations of the dust environment around Enceladus we conclude that the Cassini CDA data of the Enceladus flyby on July 14th are compatible with a dust source in the south polar region of the moon. A particle ejection mechanism caused by hypervelocity micrometeoroid impacts alone cannot explain the data. 20. Perturbation forces -Saturn's oblateness, Lorentz force, radiative forces -are crucial for the long-term dynamics of the particle and the configuration of the E ring (22-26).
They can be neglected for the simulation of dust in the vicinity of Enceladus. 
Initial velocities follow a power law
N (> v) ∝ v −2 , 0.15 v esc < v < 2 v esc ,
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Introduction
In this appendix we provide additional material, methods and information which had been necessary to perform the analyses presented in the main paper. This concerns mainly information about the impactor ejecta process, the spatial ejecta-distribution and the dust dynamics in order to obtain the dust configuration around the satellite Enceladus, which is material mentioned only marginally in the main paper.
The Impactor-Ejecta Mechanism
Micrometeroid impacts in the solar system are energetic enough to abundantly lift debris and dust particles from the moon's surfaces. A model of an impactgenerated steady-state dust cloud around an atmosphereless planetary satellite has been developed [1, 2] . In this model, dust grains are ejected within a cone of an opening angle ∆α. Their initial velocity is determined by the distribution f v of ejection speed v
and ejection angle α, filling the cone uniformly, as shown in Fig. S1 . The Within the Hill sphere of radius r h , which denotes Enceladus' range of gravitational influence,
all perturbing forces besides the moon's gravity are negligibly small and were neglected [1, 2] to describe the dust clouds around atmosphereless celestial bodies. The masses of Saturn, Enceladus and the semi-major axis of the latter are denoted by M S , M E and a E , respectively. The comparison of the analytical model to data obtained with the Galileo dust detector [3, 4] proved the existence of these dust clouds for the Galilean moons.
Although the dynamics of a dust grain in the vicinity of Enceladus is almost independent of the mass m (mass-dependent perturbations are negligibly small inside the Hill sphere), the size distribution remains an important characteristics of the dust production process. For the impactor ejecta mechanism a power law has been derived from field experiments and theoretical studies (for details see Krivov et al. [1] )
for the number of particles larger than a certain radius R p . The size distribution can be derived from HRD data yielding a power law
] representing a dependency often observed for geophysical processes.
Equations of motion and perturbation forces
After the particles have been created and lifted off from the surface of their parent body they are governed by forces acting in Saturn's environment.
In the direct vicinity of a satellite the dynamics of a particle is affected mainly by the gravity of the satellite and to smaller extent by the planet described by the three-body problem
where G is the gravitational constant. The positions of the dust particle, and Saturn's and Enceladus' center are labeled by r, r S , and r E . Trajectories were integrated using Eqs. (4) until the particles leave Enceladus' vicinity (we define as the region inside 5 r h ) or until they fall back on the moon's surface. Analytical expressions for the flux of dust originating at Enceladus can be derived if Saturn's tides, the first term in Eqs. (4), were neglected. This is an useful description for the region inside Enceladus' Hill sphere discussed in figure  S2 . In order to obtain the dust impact rates expected at the Cassini-HRD in a larger domain around the satellite Eqs. (4) must be solved numerically. These results are discussed below in the context with figure S3 . For the simulation of the E ring background, which is an important contribution to the HRD signal besides the dust coming directly from Enceladus, non-gravitational perturbations have to be taken into account in order to address the long-term dynamics of an E ring grain from its creation until its annihilation at the certain sinks. The complete equations of motion read [6, 8] 
where the acceleration terms signify in the order or their appearance the gravity of oblate Saturn and Enceladus, the Lorentz force, solar radiation pressure, and plasma drag. The angle θ denotes the angular distance of the particle's position (r−r S ) from the north pole e z . The second harmonic J 2 ≈ 1.67·10 −2 measures the oblateness of Saturn responsible for the deviations of its potential from spherical symmetry. The opposing dynamical effects of Saturn's oblateness and the Lorentz force select the 1 micron particles to make up mainly the E ring, its shape and extent [7] . Here we are interested in larger particles (R p > 2µm) registered by the HRD which stay closer to their sources. The induced electric E and the magnetic field B are given by
where Ω S = 1.64 · 10 are Saturn's rotation period and dipole moment, respectively. The speed of light, radiation pressure coefficient, and the solar constant are denoted by c, Q P R , and q = 1.37 kW m −2 , respectively. The distances Sun-particle and Sun-Earth are given by R = |r − r | and R ⊕ . The vector e points from the particle to the Sun, i.e. the direct radiation pressure force acts in anti-Sun direction. The direct plasma drag is essentially determined by the density n I and mass m I of heavy ions and the relative velocity u =ṙ − Ω S × (r − r S ) between the dust-grain and the plasma. For the E ring of Saturn the indirect Coulomb drag component is negligibly small and the grain velocities are supersonic, |u|/v th 1 (v th -thermal speed of heavy ions). Thus, we can apply the simple formulation of the plasma drag [8] in Eq. (5).
Equations (5) have been solved numerically for grains of certain sizes (1, 2, 3,  4 , ...10µ m) just emitted from the moon's surface at rates corresponding to both creation processes. This gives ≈ 10 13 s −1 particles escaping the gravity of Enceladus. Their trajectories were followed until the particles hit Enceladus, other E ring moons or they reach the main rings. The phase space coordinates of each particle were stored in equidistant time-intervals. In this way a stationary phase-space density n(r,ṙ) of the population can be constructed from which the impact rate onto the Cassini HRD of larger particles (R p > 2µm) in the vicinity of Enceladus' orbit can be calculated. Using this, contributions of freshly ejected particles at Enceladus originating from the impactor-ejecta process and the south-pole source have been combined with the E ring background to give the total model rate (see Fig. 1 , main paper) expected at the Cassini HRD.
Localized ejecta start positions
In the main paper the comparison between the expected dust impact rates with the Cassini HRD data is presented and the moment of maximum-rate is outed as a decisive quantity. In order to relate this moment in time with a certain dust source region at Enceladus' surface various simulations based upon the two-body as well as the three body equations of motion have been performed. Figs. S2 and S3 depict the time offset of the moment of the rate-maximum from the closest approach for various ejection points on Enceladus' surface by different colors. The actual Cassini flyby trajectory is projected onto the surface (blue line) and the point of closest approach is especially marked (red point). The two different presentations base upon the two-body problem (first term in Eq. (4) neglected, Figure S2 ) and the three-body problem (4) ( Figure  S3 ).
According to the results of the flyby E11 the regions from which the dust grains most likely originate from are shown in red, corresponding to the observed time offset of -1 minute of the maximum peak rate to that of the closest approach. In addition the brightness measures the intensity of the dust flux expected at the dust-detector where dark and bright signify small and large fluxes at the HRD corresponding to a low and a high efficiency of the source region, respectively.
From the Figures S2 and S3 one may deduce that both approaches, the two-body as well as the three-body description, lead to comparable results. This means that the analytical solution in terms of the two-body problem provides reasonably good results for flyby sections well inside the Hill-sphere of gravitational influence, which applies to Cassini's position when the maximum rate occurred (red areas in the plot).
Influence of start positions and velocities
In order to study the source region we performed simulations where dust grains were ejected according to a 2D Gaussian distribution of start positions from the satellite's surface with the mean at the south pole. Then, the size of the source region is characterized by the standard deviation σ. Using a 2D Gaussian or a uniform distribution -as in the main paper -yields nearly the same impact rates along the flyby trajectory (Fig. S4) . The influences of width σ, cone opening angle ∆α, and the maximum ejecta speed v max on the impact rate and offset times are illustrated in Figs. S5, S6 , and S7. • strongly favoring normal ejecta, and the velocities are assumed to obey a differential power law distribution with index −3. With these assumptions, the time offset with respect to the closest approach is represented by colors (color scale above). Brighter and darker regions refer to stronger and weaker impact signals and thus give information about the relative efficency of a source at given location. Clearly the bright regions are expected close to the ground-track of the Cassini trajectory, indicated by the blue dashed line where the red dot is the moment of closest approach. Dark regions are located diametrically opposite from the trajectory track. The closest approach is just where the offset time is zero (green area). The lower panels provide a 3D illustration of the color coded time offset with a view onto the south pole of Enceladus (from left to right: rotations of 90
• from leading apex to the side opposite to Saturn). • with an ejecta cone opening angle of 25
• . Within this area the start positions are distributed isotropically and a differential power law velocity distribution with index −2 was used. The overall picture is similar to the analytic solution (Fig. S2) . The main differences arise since the analytic solution is considering the two-body problem and is thus applicable within the Hill sphere (corresponding to just ±90 seconds around closest approach). Figure S4 : Comparison between a 2D Gaussian and a uniform distribution of the ejecta starting positions on the surface. In the latter case particles were ejected from a source region of (semi-) angular width of ξ. Using the same standard deviation (σ = ξ 2 − ξ 2 ) yields similar impact rates along the flyby trajectory. Figure S5 : Dependence of impact rate and offset time on the standard deviation σ of the 2D Gaussian distribution. It has been varied for angles of 1
• , 5
• , 10
• , 15
• , 20
• , 30
• , 60
• , and 90
• . The left panel shows the dust rate along the flyby trajectory for different width angles σ. The rates are normalized with respect to the maximum rate of the model presented in the main paper (σ = 15
• , ∆α max = 25
• , differential power law for the velocity dependence in the range of 0.5 until 2.0 escape velocities with a power law index of -2). The rate maxima increase with growing σ. The right panel shows the offset time for different angles σ. The largest modulus of the offset time is obtained for a width of about 10
• . For larger widths the offset time approaches zero. This can be understood by considering that large σ correspond to the isotropic case. Figure S6 : Dependence of impact rate and offset time on the maximum opening-angle of the ejecta cone. The ejecta cone angle ∆α has been varied as 10
• , 25
• , 45
• and 90
• . The left panel shows the respective dust rate along the flyby trajectory. The rates are normalized as in Fig. S5 . The maximum rate can be found for ∆α ≈ 60
• being an optimum for this trajectory. A wider ejection cone results in an decreased offset time (right panel) and larger rate maxima. According to these tests the value ∆α = 30
• yields the best agreement with the observed HRD-rate. 
